Research in contextEvidence before this studyEGFR is frequently overexpressed in breast cancer and is critically correlated with poor prognosis in this patient population. Recent studies show that GPCR agonists induce EGFR transactivation by promoting membrane trafficking and proteolytic processing of EGFR pro-ligands. Human rhomboid family-1 (RHBDF1), a member of the rhomboid gene family, was reported to be highly expressed in cancer cells and involved in the mediation of GPCR agonist-stimulated secretion of an EGFR ligand TGFα. Moreover, RHBDF1 was reported to regulate the trafficking and maturation of A disintegrin and metalloprotease 17 (ADAM17), which is responsible for the proteolytic release of pro-TGFα on the cell surface. However, to date, the mechanisms underlying the association of RHBDF1 and TGFα remain unclear. In the study, we aimed to explore the mechanism of action of RHBDF1 to explore its potential as a novel therapeutic target.Added value of this studyFindings from this study indicate that RHBDF1 is an essential component of protein trafficking machinery involving clathrin-coated vesicle- and ADAM17-dependent ectodomain shedding of pro-TGFα in breast cancer cells in response to G-protein coupled receptor activation. Mechanistically, the interaction of RHBDF1 with auxilin-2, a CCV protein, is required for the recruitment of HSC70 to CCV in order for clathrin uncoating to take place, which is a crucial step prior to the delivery of pro-TGFα to the plasma membrane. In addition, *RHBDF1* expression is required for the proliferation and mobility of breast cancer cells in response to stimulation by S1P, a GPCR agonist. Furthermore, we show that there is a significant correlation between *RHBDF1* overexpression and EGFR phosphorylation in clinical specimens of breast cancer.Implications of all the available evidenceOur data reveal the missing link between GPCR and EGFR activation, and highlight novel relationships between *RHBDF1* expression, EGFR signalling, and breast cancer development. These findings indicate that RHBDF1 is an indispensable component of the protein trafficking machinery and may act as a vital onco-modulator by mediating the clinically important EGFR transactivation signalling pathway. The findings indicate a strong potential of RHBDF1 as a novel anti-cancer drug target that may represent an improvement over current therapies.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

The human epidermal growth factor receptor (EGFR) plays critical physiological roles in the regulation of tissue development and homeostasis in epithelial cells \[[@bb0005],[@bb0010]\]. However, *EGFR* is also considered an oncogene, and has been frequently implicated in oncogenic transformation of many human cancers \[[@bb0015]\], including breast cancer, non-small cell lung cancer, colorectal cancer, and gastric cancer \[[@bb0020],[@bb0025]\]. In addition to activation directly by its own ligands such as epidermal growth factor (EGF) and transforming growth factor-α (TGFα), EGFR may be indirectly activated by a number of G-protein coupled receptor (GPCR) agonists, such as lysophosphatidic acid (LPA) \[[@bb0030]\] or sphingosine-1-phosphate (S1P) \[[@bb0035]\]. GPCR agonist-initiated transactivation of EGFR involves a "triple-membrane-passing-signal" pathway \[[@bb0040]\], which begins with the activation of a GPCR, followed by membrane trafficking and proteolytic processing of a number of pro-ligands of EGFR such as EGF, TGFα \[[@bb0045]\], amphiregulin (AREG) \[[@bb0050]\], and heparin-binding EGF-like growth factor (HB-EGF) \[[@bb0055]\]. The spatial and temporal distribution of pro-ligands in these signalling pathways is exquisitely controlled \[[@bb0060]\]. However, the molecular mechanisms underlying GPCR-mediated EGFR transactivation remain unclear.

Human rhomboid family-1 (RHBDF1) belongs to a large family of rhomboid proteins \[[@bb0065]\]. Unlike the prototypic rhomboid-1 in *Drosophila*, which is a protease that processes pro-EGF, RHBDF1 apparently lacks protease activity, thus, the name "inactive rhomboid" \[[@bb0070]\]. RHBDF1 has been shown to be a key mediator of GPCR agonist-induced EGFR phosphorylation and TGFα secretion \[[@bb0075],[@bb0080]\]. *RHBDF1* gene silencing leads to cancer cell apoptosis or autophagy, as well as inhibition of xenograft tumour growth \[[@bb0085]\]. Additionally, RHBDF1 was found to be a critical component of a molecular switch that regulates HIF1α stability under hypoxic conditions in breast cancer cells \[[@bb0090]\]. *RHBDF1* expression is also involved in the activation of EGFR signalling during mouse embryonic development \[[@bb0095]\], in cancer predisposition syndrome \[[@bb0100]\], and in the regulation of proteasome activity under endoplasmic reticulum stress \[[@bb0105]\]. Moreover, the activity of RHBDF1 and its homolog RHBDF2 (iRhom2) has been reported to be important in promoting membrane trafficking and maturation of ADAM17, which is responsible for the proteolytic release and shedding of precursor proteins, including TGFα, on the cell surface \[[@bb0110],[@bb0115]\].

In the cellular context, pro-TGFα exhibits a dynamic equilibrium between the intracellular compartments and the cell surface \[[@bb0120]\]. Clathrin-coated vesicles (CCV) are involved in the trafficking of pro-TGFα and a number of plasma membrane proteins \[[@bb0125]\]. Biosynthesis and CCV-mediated trafficking of membrane proteins are regulated by a variety of signals \[[@bb0130]\]. Briefly, the proteins are tethered to the Golgi reassembly-stacking protein (GRASP55) on the trans-Golgi network \[[@bb0135]\], and are recognizable by the μ-subunit of clathrin-associated adaptor protein complex-1 (AP1μ1) prior to trafficking *via* CCV \[[@bb0140]\]. Then, the β1 subunit of adaptor protein complex-1 (AP1β1) is recruited to the trans-Golgi network to serve as binding sites for the polymerization of clathrin into a polyhedral coating \[[@bb0145]\]. After CCV formation and budding, heat shock cognate protein-70 (HSC70) is recruited to initiate clathrin uncoating and protein trafficking to the early endosomes or plasma membrane \[[@bb0150]\]. Dysregulation of pro-TGFα trafficking under pathological conditions has an impact on EGFR signal activation \[[@bb0155],[@bb0160]\].

In this study, we focus on the molecular mechanism by which *RHBDF1* expression affects GPCR-mediated EGFR transactivation in breast cancer cells. We show here that RHBDF1 is a critical component of GPCR agonist-responsive, CCV-dependent trafficking machinery of pro-TGFα. Our findings not only provide new insights into the mechanism of GPCR-mediated EGFR transactivation, but also indicate that RHBDF1 may serve as an attractive target for breast cancer therapy.

2. Materials and methods {#s0025}
========================

2.1. Reagents and antibodies {#s0030}
----------------------------

Anti-phospho-EGFR (Tyr1068) (D7A5) and EGFR (D38B1) antibody were purchased from Cell Signalling Technology (Danvers, MA). Cell Mask Plasma Membrane Stains was purchased from Thermo Scientific (Rockford, IL). Anti-pro-TGFα (TG86) Na^+^-K^+^-ATPase (EPR15460B), clathrin (X22), AP1β1 and μ1, HSC-70 (1B5), auxilin-2(GAK), β-actin, and inhibitor Pitstop 1 were purchased from Abcam (Cambridge, MA). Anti-GRASP55 (E-11) was purchased from Santa Cruz Biotechnology (Dallas, TX). hEGF (E9644), human transforming growth factor-α (T7924), sphingosine 1-phosphate (73914), and oleoyl-L-α-lysophosphatidic acid sodium salt (L7260) were purchased from Sigma-Aldrich (St. Louis, MO). Human TGFα DuoSet ELISA Kit was purchased from R&D Systems (Minneapolis, MN). Brefeldin A (BFA, S7046) inhibitor was purchased from Selleck (Houston, TX).

2.2. Cell culture and transfection {#s0035}
----------------------------------

MDA-MB-231, MDA-MB-468, MCF-10A, MCF-7, and T-47D cell lines were purchased from the American Type Culture Collection (ATCC, USA). MCF-10A cells were cultured in Medium Dulbecco\'s Modified Eagle Medium (DMEM)/F12 medium supplemented with 20% horse serum; MCF-7 and T47D cells were cultured in DMEM supplemented with 0.01 mg/mL Human insulin; MDA-MB-231, MDA-MB-468 cells were cultured in DMEM supplemented with 10% foetal bovine serum at 37 °C with 5% CO~2~. *RHBDF1* knocked-down (shRHB) and scrambled control (shScr) cell lines were generated, respectively (Fig. S1A), by using shRNA constructs in retroviral vector or scrambled shRNA cassette in pRS Vector (Origene), and selected with puromycin for 2 months. *RHBDF1*-overexpressing (RHB) and control (vector) cell lines were generated by transient transfection with human RHBDF1 cDNA and vector plasmids, respectively, using X-treme GENE Transfection Reagents according to the manufacturer\'s instructions. The cell lines used in this study were authenticated by DNA profiling using short tandem repeat (STR) analysis on an ABI 3730XL Genetic Analyzer System at Talen-bio Technology Co. LTD (China).

2.3. Condition media stimulation assay {#s0040}
--------------------------------------

The shScr- and shRHB-treated MDA-MB-231 cells were cultured in 6-cm plates, incubated in the presence or absence of S1P (10 nM) for 30 min, and then grown in serum-free media for 2 h. The conditioned media were harvested, centrifuged to remove cell debris, and added to sub-confluent 24-h pre-starved MDA-MB-231 cells for another 30 min. Then, the supernatants were aspirated and cell lysates were analysed by western blotting to detect total EGFR and activated EGFR levels.

2.4. ELISA assays {#s0045}
-----------------

Quantitation of TGFα secretion levels was performed using ELISA kits (R&D Systems, USA) according to the manufacturer\'s instructions. The conditioned medium (100 μL) was collected from shScr- and shRHB-treated cells following stimulation with or without S1P (10 nM). Analysis was performed in triplicate for each independent experiment.

2.5. Con A enrichment of glycoprotein {#s0050}
-------------------------------------

To improve the detection of ADAM17, cells were lysed in TX-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4) supplemented with complete protease inhibitor cocktail (Roche) and 10 mM 1,10-phenanthroline to prevent autocatalysis of ADAM17, and centrifuged at 20,000 ×*g* for 20 min. Lysates were then mixed with 50 μL of washed concanavalin A (Con A) Agarose beads and incubated for 2--3 h at 4 °C on a rotor. Beads were washed twice in the same buffer and eluted by heating for 10 min at 75 °C in sample buffer. Samples were resolved on SDS-PAGE gels for subsequent western blotting.

2.6. Biotinylation of cell plasma membrane proteins {#s0055}
---------------------------------------------------

Cells were washed with ice-cold PBS and then incubated with sulpho-NHS-SS-biotin--based Cell Surface Protein Isolation Kit (Pierce, USA) for 15 min at 4 °C. The reaction was terminated with 100 mM glycine in PBS. The cells were rinsed with PBS and lysed in RIPA lysis buffer (Millipore, GER) with added protease inhibitor cocktail (Roche, USA). The lysates were centrifuged for 10 min at 13,000 rpm. Biotinylated cell membrane proteins were precipitated with Streptavidin Sepharose solutions (GE Healthcare, USA). The pellets were gently rinsed with PBS, dissolved in 4 × SDS sample buffer, incubated at 65 °C for 10 min, and subjected to western blotting analysis.

2.7. Quantitative real-time PCR {#s0060}
-------------------------------

Total RNA was extracted using the RNeasy RNA kit (Qiagen, GER), cDNA was synthesized using the EasyScript First-Strand cDNA Synthesis SuperMix (TransGen, China), and qPCR was performed using a Mastercycler ep realplex2 qPCR System (Eppendorf, GER). Results were analysed using the relative quantity (ΔΔCt) method. The expression level of each mRNA was normalized to that of β-actin mRNA and presented as a fold increase relative to values for shRHB-treated cells. All experiments were performed in triplicate. The sense and antisense primer sequences for human *TGFα*, *AREG*, *HB-EGF*, and *β-actin* were, respectively: 5′ -AAT GAC TGC CCA GAT TCC CAC-3′ and 5′ -CAA CGT ACC CAG AAT GGC AGA-3′; 5′-AGC TGC CTT TAT GTC TGC TGT G-3′ and 5′ -CGT TCC TCA GCT TCT CCT TCA T-3′; 5′ -TAT CCT CCA AGC CAC AAG CA-3′ and 5′ -TGC AGA AGT CCT TGT ATT TCC G-3′; 5′ -CCA TCA TGA AGT GTG ACG TGG A-3′ and 5′-TTC TGC ATC CTG TCG GCA A-3′.

2.8. Immunoblot analysis {#s0065}
------------------------

Cells were lysed by sonication in lysis buffer containing 2 mM Na~3~VO~4~, 1 mM PMSF, 1 mM EDTA, and protease inhibitor cocktail (Roche), and then subjected to 12% SDS-PAGE. The proteins were transferred to a PVDF membrane (Roche, USA). The membranes were blocked and probed with appropriate antibodies. Using goat anti-mouse or rabbit IgG HRP conjugate antibodies (Thermo, USA) as secondary antibodies, the proteins were visualized using a chemiluminescent HRP substrate (Millipore, USA). Protein band densitometry was performed using ImageJ software (NIH).

2.9. Immunofluorescence analysis {#s0070}
--------------------------------

Serum-starved shSrc- and shRHB-treated cells grown on chamber slides were stimulated with S1P (10 nM) for indicated durations. Cells were washed twice with phosphate-buffered saline (PBS), and then fixed with 4% paraformaldehyde at 4 °C for 15 min. After permeabilization with 0.02% Triton X-100 for 2 min, the cells were blocked with 10% goat serum at 25 °C for 1 h. The cells were incubated with a membrane dye (CellMask, ThermoFisher) and primary antibodies (1:50) in blocking solution overnight at 4 °C. After rinsing with PBS, cells were incubated with goat anti-mouse Alexa Fluor 488 conjugate (1:2000) or goat anti-rabbit Alexa Fluor 555 conjugate (1: 2000) antibodies (Invitrogen, USA) for 30 min at 25 °C in the dark, rinsed and mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen, USA), and then examined with a confocal microscope (Leica TCS SP8, GER) and processed using Image Pro Plus software.

2.10. Co-immunoprecipitation {#s0075}
----------------------------

Cells were homogenized in lysis buffer (0.5% Triton X-100, 150 mM NaCl and 5 mM EDTA) and centrifuged. The supernatants were incubated with an appropriate antibody against pro-TGFα, AP1β1, clathrin, Auxilin-2, HSC70, or Flag at 4 °C overnight. Pierce protein G-Agarose (Thermo Fisher Scientific, USA) beads were then added and incubated on a rotator at 4 °C for 2 h. The beads were collected by centrifugation, rinsed with lysis buffer, heated for 6 min at 100 °C in a 2× loading buffer, and subjected to 12% SDS-PAGE. The proteins were transferred to PVDF membranes (Millipore, USA), probed with specific antibodies and HRP-conjugated secondary antibodies, and visualized using Immobilon Western Chemiluminescent HRP substrate (Millipore, USA).

2.11. Cell proliferation assay {#s0080}
------------------------------

Breast cancer cells of each type were seeded in six replicates into 96-well plate (2000 cells per well), and incubated at 37 °C in 5% CO~2~ with or without S1P (10 nM) in phenol-red free media for the desired time period. CellTiter 96 AQueous One Solution Reagent (Promega, Madison, WI) was used according to manufacturer\'s instructions to determine cell proliferation capacity *in vitro.* Briefly, after CellTiter 96 AQueous One Solution Reagent was added at the indicated time points to each well, cells were incubated for 4 h at 37 °C. Then, the optical density of the MTS product was measured at 490 nm using a microplate reader (Bio-Rad, Hercules, CA). Total cell numbers were calculated based on calibration curves.

2.12. Cell transwell migration/invasion assay {#s0085}
---------------------------------------------

Transwell migration/invasion assays were performed following the manufacturer\'s instructions. shScr-and shRHB-treated cells were serum-starved for 24 h. For the migration assay, 1 × 10^5^ cells were seeded in the upper chamber (Corning, USA) in a serum-free medium with/without S1P (10 nM) treatment; for the invasion assay, a layer of Matrigel was applied to the upper chamber. The lower chambers of both assays were supplemented with 10% serum-containing medium; then, the inserts were incubated in a CO~2~ incubator at 37 °C for 24 h. Next, cells in the upper chamber were removed using a cotton swab, and Transwell membranes were fixed with methanol for 1 h and stained with 1% crystal violet. The number of cells that migrated to the lower surface of the membrane was observed under a microscope (Nikon, JPN), and counted using Image Pro Plus software. Three replicates were obtained for each assay.

2.13. Tissue microarray and immunohistochemistry {#s0090}
------------------------------------------------

Human breast carcinoma tissue microarray, containing 60 samples of invasive ductal carcinoma, 9 samples of medullary carcinoma, and 3 samples of cancer adjacent normal tissue, was obtained from US Biomax Corporation (BC08013a); all tissue cores were obtained from diagnostic or surgical samples as serial sections according to the supplier (Table S1). RHBDF1 expression and EGFR phosphorylation status were determined by immunohistochemical staining with DAB kit (Invitrogen, USA) according to the manufacturer\'s instructions. The sections were incubated with anti-phospho-EGFR antibody (Tyr1068) (\#3777, 1: 50 dilution, CST) or anti-RHBDF1 antibody (LS-C81438, 1: 100 dilution, LSBio) at 4 °C overnight, followed by incubation with biotinylated secondary antibody and streptavidin-peroxidase. Sections were then visualized with DAB Chromogen Solution, counterstained with haematoxylin, and dehydrated in ethanol. Images were acquired at 20× magnification using an Aperio Digital Pathology Microsystems scanner (Leica, GER). Staining intensities of each section were scored (grades 0--3) using Image Pro Plus. Statistical analysis was performed using SPSS 19.0 software.

2.14. Statistical analysis {#s0095}
--------------------------

Correlations between *RHBDF1* expression and EGFR phosphorylation were determined by calculating the Pearson correlation coefficient. All experiments were repeated at least three times, and the results are presented as the means ± SEM. Data were subjected to variance analysis (ANOVA), and 2-tailed, unpaired Student\'s *t-*tests. Differences with p-values smaller than 0.05 were considered statistically significant.

3. Results {#s0100}
==========

3.1. RHBDF1 facilitates GPCR ligand-dependent EGFR transactivation by modulating secretion of TGFα {#s0105}
--------------------------------------------------------------------------------------------------

We examined EGFR phosphorylation in response to EGFR ligands EGF or TGFα, and GPCR agonists LPA or S1P, in basal breast cancer MDA-MB-231 cells. EGF or TGFα and the GPCR agonists elicit the same response of EGFR phosphorylation, whereas cells treated with shRNA against RHBDF1 (shRHB) became irresponsive to stimulation by LPA or S1P in terms of EGFR phosphorylation ([Fig. 1](#f0005){ref-type="fig"}A). Additionally, we studied the effect of RHBDF1 overexpression by transiently transfecting the cells with a plasmid containing Flag-RHBDF1 cDNA (RHB), using an empty vector (Vector) as a control (Fig. S1B). Consistently, *RHBDF1* overexpression led to a marked increase in EGFR phosphorylation in response to LPA or S1P treatment ([Fig. 1](#f0005){ref-type="fig"}B). To further assess the potential causal effect of *RHBDF1* on EGFR transactivation, a panel of breast cell lines were examined. *RHBDF1* silencing significantly attenuated EGFR phosphorylation stimulated by S1P in another triple negative breast cancer (TNBC) cell line MDA-MB-468, and two non-TNBC breast cancer cell lines (T-47D and MCF-7) ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1RHBDF1 facilitates ligand-dependent EGFR transactivation by modulating TGFα secretion. (A) RHBDF shRNA (shRHB)-transfected MDA-MB-231 cells treated with EGF (10 ng/mL) or TGFα (10 ng/mL) for 5 min, or with LPA (10 nM) or S1P (10 nM) for 30 min, and subjected to western blotting analysis; shScr, scrambled RNA control. (B) Western blotting analysis of similarly treated RHBDF1-overexpressing MDA-MB-231 cells (RHB) and empty vector-transfected control (Vector). (C) Analysis of S1P (10 nM)-triggered EGFR phosphorylation in shScr- and shRHB-treated MCF-10A, MDA-MB-468, MCF7, and T-47D cells. (D) Cultured shScr- and shRHB-treated MDA-MB-231 cells were treated with S1P (10 nM) for 30 min and maintained in serum-free media for 2 h. The collected conditioned media were added to 24 h pre-starved parental MDA-MB-231 cells. Cell lysates were subjected to immunoblot analysis to detect EGFR phosphorylation levels. Changes in the concentration of TGFα (E), HB-EGF (F) or AREG (G) in conditioned media of shScr- or shRHB-treated MDA-MB-231 cells as a function of time of S1P (10 nM) stimulation. Bar graphs represent densitometric analysis of the results of independent western blotting experiments. In all panels, data are means ± SEM (n = 3); \*p \< 0.05, \*\*p \< 0.01 and \*\*\* p \< 0.001.Fig. 1

We then stimulated control shRNA (shScr)- or shRHB-treated cells with GPCR ligand S1P, collected the conditioned media, and used the conditioned media to treat parental MDA-MB-231 cells. Conditioned media from S1P-stimulated shRHB-treated cells did not induce EGFR phosphorylation as much as that from S1P-stimulated shScr-treated cells ([Fig. 1](#f0005){ref-type="fig"}D), suggesting that *RHBDF1* silencing hinder the secretion of EGF-like ligands. To identify the EGFR ligand whose secretion was affected, we analysed the concentration of TGFα, AREG, or HB-EGF in the conditioned media by using ELISA. Interestingly, we found that the amount of TGFα in the conditioned media of shRHB-treated cells was less than that in shScr-treated cells following S1P stimulation ([Fig. 1](#f0005){ref-type="fig"}E), whereas *RHBDF1* silencing had little effect on *AREG* and *HB-EGF* production ([Figs. 1](#f0005){ref-type="fig"}F, G and S2). These results show that RHBDF1 is a critical component of the molecular machinery involved in the transmission of GPCR ligand-initiated signals that lead to TGFα secretion and EGFR activation.

3.2. RHBDF1 modulates ADAM17-dependent shedding and membrane trafficking of pro-TGFα {#s0110}
------------------------------------------------------------------------------------

We investigated whether RHBDF1 participates in EGFR transactivation by regulating ADAM17-dependent TGFα shedding. We pre-incubated shScr- and shRHB-treated cells with or without ADAM17 inhibitor TAPI-1 (20 μM) for 1 h, and then stimulated the cells with S1P for 20 min. Measuring TGFα secretion, we found that TAPI-1 partially blocked S1P-induced TGFα secretion, compared with *RHBDF1* silencing alone ([Fig. 2](#f0010){ref-type="fig"}A). Using concanavalin A (Con A) enrichment of glycoprotein and Western blot assay, we confirmed that RHBDF1 silence markedly reduced the maturation and activity of ADAM17 ([Figs. 2](#f0010){ref-type="fig"}B, C). We then analysed the content of TGFα in cell membranes and in total cell lysates, and found that TAPI-1 resulted in the accumulation of higher amounts of membrane-bound TGFα in shScr-treated cells than in shRHB-treated cells ([Fig. 2](#f0010){ref-type="fig"}D). In the meantime, TAPI-1 treatment did not significantly affect the production of TGFα in cells pre-incubated in the presence or absence of S1P ([Fig. 2](#f0010){ref-type="fig"}E). These findings indicate that RHBDF1 is involved in ADAM17-dependent shedding and distribution of pro-TGFα to the cell surface, but not in pro-TGFα production.Fig. 2RHBDF1 not only modulates ADAM17-dependent shedding but also alters membrane trafficking of pro-TGFα. (A) shScr- or shRHB-treated cells were preincubated in the presence or absence of ADAM17 inhibitors TAPI-1 (20 μM) for 1 h before S1P stimulation for another 20 min; then, the TGFα in supernatant was detected by ELISA. (B) The above lysates were enriched for glycoproteins with concanavalin A (Con A) and immunoblotted for ADAM17 to detect its maturation. The cell membrane was biotin-labelled and enriched to enable detection of the level of TGFα on the cell plasma membrane. The empty arrowhead indicates immature form, whereas the black arrowhead indicates mature forms of ADAM17. (C) The percentage of mature ADAM17 was calculated by normalizing the amount of immature ADAM17. The relative levels of TGFα on the cell membrane (D) and in total lysis (E) was quantified based on densitometry. (F) Plasma membrane-bound or cell-associated total TGFα in shScr- or shRHB-treated cells were detected by western blotting analysis at indicated time intervals following S1P treatment; Na-K-ATPase, control for plasma membrane proteins. (G). Representative images of plasma membrane staining with CellMask Plasma Membrane Stain (green) and immune-fluorescence staining of pro-TGFα (red). *Z*-section shows the transition of pro-TGFα from locations near the nucleus to the plasma membrane. Data are means ± SEM. Student *t*-test, \*p \< 0.05, \*\*p \< 0.01 and \*\*\* p \< 0.001.Fig. 2

We next examined the time-dependent distribution of pro-TGFα to elucidate the action of RHBDF1 in membrane trafficking. We found that the levels of plasma membrane-associated pro-TGFα were much lower in shRHB-treated cells than in shScr-treated cells upon S1P stimulation, while there was little difference in total pro-TGFα levels in the cells between the experimental groups ([Fig. 2](#f0010){ref-type="fig"}F). We then used immunofluorescence staining to determine sub-cellular localization of pro-TGFα after S1P stimulation. We found that pro-TGFα was localized in both the Golgi apparatus and plasma membrane in shScr-treated cells upon S1P stimulation; however, in shRHB-treated cells, pro-TGFα mostly remained near the nucleus 30 min after S1P stimulation ([Fig. 2](#f0010){ref-type="fig"}G). These findings suggest that RHBDF1 function be required for pro-TGFα trafficking to the cell surface in response to GPCR activation.

3.3. Clathrin uncoating, not CCV formation, in pro-TGFα trafficking process requires RHBDF1 {#s0115}
-------------------------------------------------------------------------------------------

Since clathrin-coated vesicles (CCV) are known to be associated with a variety of protein trafficking processes from the trans-Golgi network to cell plasma membrane, especially those of precursor ligand proteins \[[@bb0125]\], we determined whether RHBDF1 takes part in the initiation of CCV-dependent pro-TGFα trafficking. We first compared the effect of *RHBDF1* silencing with that of the clathrin terminal domain inhibitor Pitstop 1 or vesicular trafficking inhibitor Brefeldin A (BFA) on S1P-induced EGFR transactivation. We found that shRHB treatment of MDA-MB-231 cells had an inhibitory effect on EGFR phosphorylation, similar to that of each of the inhibitors. Moreover, the suppressive effect of shRHB treatment was additive with either inhibitor ([Fig. 3](#f0015){ref-type="fig"}A), suggesting that CCV plays a coordinating role with RHBDF1.Fig. 3Clathrin uncoating, not formation, in pro-TGFα trafficking process requires RHBDF1. (A) Western blotting analysis of EGFR phosphorylation induced by S1P in shRHB- or shScr-transfected MDA-MB-231 cells in the presence or absence of CCV inhibitor Pitstop 1 or BFA for 1 h. (B) Schema depicting RHBDF1 as a signal integrator for the clathrin-coated vesicle signalling pathway. (C) Co-immunoprecipitation of pro-TGFα-associated proteins GRASP55 and AP1μ1 in shScr- and shRHB-treated cells with S1P (10 nM) stimulation at indicated time intervals. (D, E) Reciprocal co-immunoprecipitation of AP1β1-associated clathrin in shScr- or shRHB-treated cells incubated with S1P (10 nM) for the indicated time intervals. (F) Representative immunofluorescence images showing changes in subcellular locations of clathrin (green) and AP1β1 (red) as a function of S1P treatment time; merged colour (yellow) indicates co-localization of the two proteins. Quantitative analysis of changes of the intensity of the yellow colour as a function of duration of S1P treatment. Data are means ± SEM of three independent experiments. Student t-test; \* p \< 0.05; \*\*\* p \< 0.001.Fig. 3

Pro-TGFα is known to be tethered to the Golgi apparatus through interaction with Golgi reassembly-stacking protein of 55 [k](https://en.wikipedia.org/wiki/Kilo-){#ir0005}[Da](https://en.wikipedia.org/wiki/Unified_atomic_mass_unit){#ir0010} (GRASP55) prior to being collected by secretion vesicles \[[@bb0165]\], and that the cargo molecules in CCV interact with clathrin-associated protein AP1μ1 \[[@bb0170]\] ([Fig. 3](#f0015){ref-type="fig"}B). We carried out co-immunoprecipitation experiments to determine the effect of *RHBDF1* silencing on the association of pro-TGFα with GRASP55 and AP1μ1; these represent two steps that mark the subcellular localization of pro-TGFα before and after vesicle recognition, respectively. We found in a co-immunoprecipitation experiment that S1P stimulation led to dissociation of pro-TGFα and GRASP55 regardless of the presence or absence of RHBDF1 in the cells; the association of AP1μ1 with pro-TGFα first increased and then decreased within 30 min in shScr-treated cells in response to S1P stimulation, indicating that pro-TGFα was being taken up by CCV and then released ([Fig. 3](#f0015){ref-type="fig"}C). However, the association of pro-TGFα with AP1μ1 continued to increase throughout the experiment in shRHB-treated cells, indicating the accumulation of pro-TGFα in CCV in the absence of RHBDF1 ([Fig. 3](#f0015){ref-type="fig"}C). These findings indicate that RHBDF1 activity is required for the release of pro-TGFα from CCV during secretion vesicle-assisted trafficking.

Since the co-localization status of clathrin with AP1β1 is a measure of CCV integrity, we performed reciprocal co-immunoprecipitation experiments to study the effect of *RHBDF1* silencing on the clathrin-AP1β1 interaction. We found that S1P induced a significant increase in the association of clathrin with AP1β1 within 5 min of S1P treatment in shSrc-treated cells; this association then returned to baseline in 15 to 30 min; however, the S1P-induced association of clathrin with AP1β1 continued to increase to a high level in shRHB-treated cells, indicating that RHBDF1 activity is required for CCV uncoating ([Figs. 3](#f0015){ref-type="fig"}D, E). To corroborate this finding, we carried out immunofluorescence staining to determine the subcellular co-positioning of clathrin and AP1β1 in response to S1P treatment in the presence or absence of RHBDF1. Using antibodies specific to either clathrin or AP1β1, we found that co-localization of clathrin and AP1β1 near the nucleus became apparent within 5 min of S1P treatment, then diminished within 15 min in shScr-treated cells, whereas in sharp contrast, clathrin and AP1β1 were co-localize in shRHB-treated cells throughout the course of the experiments ([Fig. 3](#f0015){ref-type="fig"}F). These data indicate that RHBDF1 activity is a prerequisite for the uncoating of clathrin from CCV in the pro-TGFα trafficking process.

3.4. RHBDF1 enhances the recruitment of HSC70 with auxilin-2 to initiate CCV disassembly {#s0120}
----------------------------------------------------------------------------------------

We next analysed the interaction between auxilin-2 and HSC70 to further investigate the role of RHBDF1 in assisting clathrin uncoating, which is an initial step that leads to CCV disassembly. Using reciprocal co-immunoprecipitation, we found that, in shScr-treated cells the association of HSC70 with auxilin-2 continuously increased during the course of the experiment in response to S1P stimulation, whereas the HSC70/auxilin-2 association remained at low levels upon S1P stimulation in shRHB-treated cells, suggesting that *RHBDF1* silencing leads to an inhibition of the S1P-induced interaction of HSC70 with auxilin-2 ([Figs. 4](#f0020){ref-type="fig"}A, B). Moreover, the interaction between clathrin and auxilin-2 was increasingly more apparent, during the course of the experiment, on S1P stimulation in shRHB-treated cells than in shScr-treated cells, suggesting that shRHB treatment prevented clathrin disassembly and recycling. These findings are consistent with the view that, on S1P stimulation, RHBDF1 activity is required for the recruitment of HSC70 to auxilin-2, and that the lack of this activity leads to failure of clathrin disassembly.Fig. 4RHBDF1 modulates the recruitment of HSC70 with auxilin-2 to initiate CCV disassembly. (A) Co-immunoprecipitation of auxilin-2-associated clathrin and HSC70 in shScr- or shRHB-treated MDA-MB-231 cells incubated with S1P (10 nM) for the indicated time intervals. (B) Co-immunoprecipitation of HSC70-associated auxilin-2 in shScr- or shRHB-treated MDA-MB-231 cells incubated with S1P (10 nM) for the indicated time intervals. (C) Co-immunoprecipitation of RHBDF1 and auxilin-2 from RHBDF1-overexpressing MDA-MB-231 cells (RHB) and mock-transfected cell (Vector) as control. Data are means ± SEM from three independent experiments. Student\'s t-test; \* p \< 0.05; \*\*\* p \< 0.001.Fig. 4

To verify our hypothesis, we treated Flag-RHBDF1 over-expressing and mock-transfected MDA-MB-231 cells with S1P, and then carried out co-immunoprecipitation to determine whether there was a direct interaction between Flag-RHBDF1 and auxilin-2. Remarkably, a prominent extent of interaction of Flag-RHBDF1 with auxilin-2 took place in Flag-RHBDF1-overexpressing cells in response to S1P-treatment ([Fig. 4](#f0020){ref-type="fig"}C; p \< 0.05), indicating that RHBDF1 interacts directly with auxilin-2 proteins. Together, these findings support the view that binding of RHBDF1 to auxilin-2 is necessary for the recruitment of HSC70 to the latter, which would in turn lead to CCV disassembly by triggering dynamic uncoating of clathrin.

3.5. RHBDF1-enhanced proliferation and mobility of breast cancer cells correlates with EGFR activation {#s0125}
------------------------------------------------------------------------------------------------------

We next investigated whether RHBDF1 could endow breast cancer cells with proliferative advantages in tumours. We found that shRHB-treated MDA-MB-231 cells displayed a slower growth rate than shScr-treated cells, and that stimulation with S1P resulted in a much more profound increase of the growth rate of shScr-treated cells than that of shRHB-treated cells ([Fig. 5](#f0025){ref-type="fig"}A). Similarly, *RHBDF1* silencing also resulted in a significant reduction in cell proliferation rates in MCF-7 or T-47D breast cancer cells in response to S1P stimulation ([Figs. 5](#f0025){ref-type="fig"}B, C). The results indicate that RHBDF1 function is required in mediating GPCR agonist-conferred growth advantage to these cancer cells, likely through EGFR transactivation.Fig. 5RHBDF1 enhances proliferation and mobility of breast cancer cells and correlates with EGFR activation in breast cancer patients. (A) Cell proliferation assay for MDA-MB-231 cells upon S1P stimulation, investigating the effects of *RHBDF1* silencing *in vitro*. The number of shScr- or shRHB-treated MDA-MB-231 cells was monitored in the presence or absence of S1P using the CellTiter 96 AQueous one-solution cell proliferation assay with averages from sextuplicate wells. (B) Cell proliferation assay for shScr- or shRHB-treated MCF-7 cells with or without S1P stimulation. (C) Cell proliferation assay for shScr- or shRHB-treated T-47D cells with or without S1P stimulation. (D) Representative images of shScr- or shRHB-treated cells that crossed the polycarbonate membrane of the Transwell chamber, with or without S1P stimulation, to detect the migration of cells (magnification ×100). (E) Representative images of shScr- or shRHB-treated cells that crossed the Matrigel-coated polycarbonate membrane of the Transwell chamber for detection of the invasion of cells (magnification ×100). (F) Representative images of immunohistochemical analysis of breast cancer specimens showing four grades (0--3) of RHBDF1 and p-EGFR protein staining (magnification, ×200). (G) Dot plots of the grades of RHBDF1 and the relative intensity of p-EGFR in the specimens (R = 0.853, p \< 0.001). (H) Percentages of specimens displaying p-EGFR levels in relation to grades of RHBDF1. Student\'s t-test; \*\*\* p \< 0.001.Fig. 5

We then investigated RHBDF1 actions on breast cancer cell migration and invasion by using transwell assays. We found that S1P stimulation elicits a more pronounced increase in cell migration in shScr-treated cells than in shRHB-treated cells ([Fig. 5](#f0025){ref-type="fig"}D). We then set a Matrigel basement membrane on the transwells to investigate cell invasion behaviour *in vitro*. We found that cell invasion from the Matrigel was significantly increased upon S1P treatment of the shSrc-treated cells; however, this effect was not so apparent with shRHB-treated cells ([Fig. 5](#f0025){ref-type="fig"}E). These results suggest that *RHBDF1* silencing significantly suppress basal and S1P-induced migration and invasion in breast cancer cells.

To establish further clinical relevance of RHBDF1 in breast cancer, we assessed the correlation between EGFR activation status and RHBDF1 expression by immunohistochemical analysis of clinical specimens of breast cancer (Table S1). We categorized the staining patterns of the sections into 4 intensity grades (0--3 for negative or marginal, low, medium, and high, respectively) and found that *RHBDF1* expression levels in the specimens were significantly and positively correlated with EGFR phosphorylation levels (Pearson correlation statistical analysis, R = 0.853, p \< 0.001; n = 72) ([Fig. 5](#f0025){ref-type="fig"}G). Specifically, 87.1% of the specimens with low RHBDF1 expression (grades 0--1; 31 specimens) exhibited low levels of EGFR activation (grades 0--1), whereas 63.4% of the specimens with high RHBDF1 expression (grades 2--3; 41 specimens) showed high levels of EGFR activation (grades 2--3; χ^2^-test, p \< 0.001) ([Fig. 5](#f0025){ref-type="fig"}H). Collectively, our findings indicate that RHBDF1 supports pro-tumorigenic functions in breast cancer cells, including proliferation, invasion, and migration, and that *RHBDF1* expression levels are significantly correlates with EGFR activation in breast cancer in clinical settings.

4. Discussion {#s0130}
=============

Our data highlight the important regulatory role of RHBDF1 in protein trafficking machinery, which is present on the ER-Golgi membrane and is also an important signalling hub in CCV-dependent pro-TGFα trafficking in response to GPCR agonist stimulation ([Fig. 6](#f0030){ref-type="fig"}). Based on our findings we propose that the formation of a RHBDF1/auxilin-2 protein complex enables the recruitment of HSC70 to CCV, which initiates a process leading to the disassembly of clathrin and release of pro-TGFα for ADAM17-dependent shedding and EGFR activation. Elimination of RHBDF1 by gene silencing disables the recruitment of HSC70 to auxilin-2, subjecting pro-TGFα-containing CCV to failure of clathrin uncoating and subsequent delivery of pro-TGFα to the plasma membrane. Since an increment in the levels of the cell surface growth factor results in augmented levels of soluble growth factor, this paradigm is in agreement with our previous findings that elimination of RHBDF1 with siRNA lead to greatly diminished secretion of TGFα, and that the engineered overexpression of RHBDF1 results in facilitated TGFα export by epithelial cancer cells in response to GPCR ligand stimulation. Our findings thus reveal a missing step that connects GPCR activation and membrane distribution of the EGFR ligand TGFα.Fig. 6Schematic representation of RHBDF1-facilitated membrane trafficking of pro-TGFα via CCV pathway. The diagram depicts the formation of a RHBDF1/auxilin-2 protein complex, after CCV coating and budding in response to GPCR stimulation enables the recruitment of HSC70, which initiates clathrin uncoating from CCV to release pro-TGFα for shedding and, consequently, EGFR activation. Removal of RHBDF1 abolishes the recruitment of HSC70 to auxilin-2, resulting in failure of clathrin uncoating in pro-TGFα-containing CCV.Fig. 6

Our findings are consistent with the view that RHBDF1 functions as a chaperone. The RHBDF1 protein is apparently not a protease because of the absence of a catalytic centre commonly found in the rhomboid family of proteins that function as proteases \[[@bb0175],[@bb0180]\]. Yet in addition to auxilin-2, RHBDF1 has been shown to directly interact with a number of proteins. For instance, we showed previously that RHBDF1 functions to maintain HIF1α stability under hypoxic conditions by interacting with RACK1, an action that disrupts RACK1 binding to HIF1α, which would otherwise leads to degradation of the latter \[[@bb0090]\]. Others have shown that RHBDF1 interacts with the 20S proteasome assembly chaperones PAC1 and PAC2 to affect ER stress-associated proteasome protein stability \[[@bb0105]\]. Similarly, RHBDF2 (iRhom2), a homologous protein of RHBDF1 and also an "inactive" rhomboid protein, can recruit the translocon-associated protein TRAPβ to stimulator of interferon genes STING complex and facilitate the trafficking of STING from the endoplasmic reticulum to peri-nuclear microsomes \[[@bb0185]\]. It has also been shown that RHBDF1 and its homolog RHBDF2 regulate the trafficking and maturation of ADAM17 \[[@bb0110]\], and are essential upstream regulators of ADAM17-dependent EGFR signalling \[[@bb0190]\], receptor tyrosine kinase MET signalling \[[@bb0195]\], and colony stimulating factor 1 receptor signalling \[[@bb0200]\]. The ability of RHBDF1 to interact with various proteins is highly supportive of our hypothesis that RHBDF1 possesses chaperone-like functions.

Of the known EGFR ligands, TGFα has been reported to be expressed more highly in triple-negative breast cancer, and is synthesized as a transmembrane precursor requiring ADAM17-dependent proteolytic release to activate its receptor \[[@bb0205]\]. It is plausible that ADAM17-dependent EGFR signalling is partly the result of RHBDF1-facilitated TGFα trafficking and secretion. Our findings are indicative that RHBDF1 participate in the trafficking and maturation of ADAM17. It is of interest to note that some members of the mammalian rhomboid family with protease activities, such as RHBDL4, can also take part in promoting membrane trafficking of several proteins in response to GPCR activation, whilst also acting as a shedding enzyme for pro-TGFα on the plasma membrane \[[@bb0210]\]. It is plausible that RHBDF1 may have evolved from rhomboid intramembrane protease ancestors, although the evolution of the rhomboid superfamily is not clear and is difficult to trace owing to the low overall sequence identity of its members. Based on the current findings, the ability to bind with a variety of proteins may have been inherited and expanded to perform biological functions involved in regulating the fate of secretory proteins, including subcellular membrane trafficking.

Interestingly, *RHBDF1* silencing similarly inhibited proliferation, migration, and invasion in the absence and presence of S1P stimulation in several types of breast cancer cells, suggesting that the ability of RHBDF1 to enhance cancer development may not necessarily be connected to GPCR-mediated EGFR transactivation. It is possible that the GPCR-independent activities of RHBDF1 derive from its ability to maintain HIF-1α from undergoing degradation under hypoxic condition, as we reported previously \[[@bb0090]\].

The pathological relevance of RHBDF1 in cancer development and progression is further underscored by the significant correlations between RHBDF1 and EGFR activation in clinical specimens of breast cancer, suggesting that RHBDF1 perform an oncogenic role of promoting tumorigenesis and metastasis in the context of EGFR activation. The expression, activation, and mutation status of EGFR are pivotal in the development of cancers \[[@bb0215],[@bb0220]\], Alzheimer\'s disease \[[@bb0225]\], viral infection \[[@bb0230]\], and neuronal diseases \[[@bb0235]\]. Therefore, the role of RHBDF1 in the membrane trafficking of proteins places this non-protease member of the rhomboid family at the centre of cancer development, and it may be similarly implicated in other disease conditions, an aspect that is worth of further investigations. It is interesting that RHBDF2 has also been described as being associated with various disease conditions\[[@bb0240]\].

That RHBDF1 plays a critical role in assisting membrane trafficking and maturation of secretory ligands of EGFR such as TGFα in response to GPCR activation makes this non-protease member of the rhomboid family a potentially valuable targets for the treatment of cancer as well as other EGFR-related diseases. Further insights from future studies of the mechanisms underlying such modulation will help to develop means to interfere with RHBDF1-assisted, GPCR-mediated EGFR transactivation.
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